A transcriptional analysis of the phosphatidylinositol-specific phospholipase C (plcA) gene of Bacillus thuringiensis indicated that its transcription was activated at the onset of the stationary phase in B. thuringiensis but was not activated in B. subtilis. The B. thuringiensis gene encoding a transcriptional activator required for plcA expression was cloned by using a B. subtilis strain carrying a chromosomal plcA-lacZ fusion as a heterologous host for selection. This trans activator (designated PlcR) is a protein of a calculated molecular weight of 33,762 which appears to be distantly related to PreL and NprA, regulator proteins enhancing transcription of neutral protease genes during the stationary phase of a Lactobacillus sp. and B. stearothermophilus, respectively. plcR gene transcription was analyzed in B. thuringiensis and in B. subtilis. PlcR positively regulated its own transcription at the onset of the stationary phase. There is a highly conserved DNA sequence (17 bp) 34 nucleotides upstream from the plcR transcriptional start site and 49 nucleotides upstream from the plcA transcriptional start site. As PlcR positively regulates its own transcription and plcA transcription, this conserved DNA sequence may be the specific recognition target for PlcR activation.
Phospholipases C that specifically cleave phosphatidylinositol (PI-PLCs) have been isolated from several gram-positive bacteria (for a review, see reference 48). The plcA genes encoding PI-PLCs from Bacillus cereus, B. thuringiensis, Staphylococcus aureus, and Listeria monocytogenes have been cloned and sequenced (6, 15, 21, 22, 32) , and the deduced amino acid sequences show extensive similarity (about 50%). The PI-PLC of L. monocytogenes contributes to the growth of bacteria in infected cells and is therefore considered to be a virulence factor (45) . Expression of plcA in L. monocytogenes is positively regulated during the growth phase by the pleiotropic transcriptional activator PrfA (33) . The S. aureus PI-PLC is also a potential virulence factor. Its production is positively regulated by Agr, a pleiotropic regulator which activates expression of several staphylococcal exoproteins at the end of the exponential growth (6, 41) .
B. thuringiensis is known for its entomopathogenic properties which are partly due to the production of a variety of larvicidal crystal proteins designated Cry (for reviews, see references 17 and 26) . When ingested by susceptible insect larvae, these crystal proteins are dissolved in the insect gut and activated. They bind to specific receptors on the surface of the midgut epithelial cells, forming transmembrane pores and causing cell lysis. This toxic effect either kills the susceptible insects or weakens them, creating favorable conditions for the germination of spores in the gut environment. Thereafter, the bacteria can invade the hemocoel from the gut and cause septicemia. The contribution of the B. thuringiensis spores to overall virulence has been demonstrated: insecticidal activity against some lepidopteran species requires the presence of spores in the crystal protein preparations (19, 27, 35) , and acrystalliferous mutants of B. thuringiensis are pathogenic when injected or fed to lepidopteran larvae (13, 29) . B. cereus, which is closely related to B. thuringiensis but does not produce crystal proteins, is a facultative insect pathogen (5) . Although the pathogenic mechanisms involved are unclear, it is assumed that the ability of these bacteria to develop in insects is partly due to their high production of phospholipases (5, 14) . Recently, Zhang et al. (50) have shown that expression of flagellin, phospholipases, and ␤-lactamase was reduced in an avirulent mutant of B. thuringiensis, thus suggesting that these potential virulence factors may be coregulated.
Bacillus species produce large amounts of degradative enzymes at the end of the exponential growth phase in response to unfavorable conditions of growth (starvation, for example [10, 20] ). The expression of the genes that encode these enzymes is generally controlled by complex regulatory mechanisms involving two-component systems (38) and a variety of stationary-phase-specific regulators called transition state regulators (46, 47) . In this article, we described the first transcriptional analysis of the B. thuringiensis plcA gene. plcA was not naturally transcribed in B. subtilis; therefore, we used this bacterium as a heterologous host system to clone a B. thuringiensis gene that specifically activates transcription of plcA. This gene is autoregulated and functions at the onset of the stationary phase, in both B. thuringiensis and B. subtilis. We have designated this gene plcR. (25) . B. subtilis 168 (trpC2) was transformed with plasmid DNA, as previously described (3, 20) . E. coli strains were grown at 37ЊC in Luria broth (LB). E. coli MC1061 and TG1 were transformed by the CaCl 2 procedure (23), and E. coli SCS110 was transformed by electroporation (8) . B. thuringiensis and B. subtilis strains were grown in LB at 30 and 37ЊC, respectively. Antibiotic concentrations for bacterial selection were as follows: ampicillin, 100 g/ml (for E. coli); erythromycin, 5 g/ml (for B. thuringiensis and B. subtilis strains); chloramphenicol, 5 g/ml (for B. subtilis).
MATERIALS AND METHODS

Bacterial
Construction of the B. thuringiensis genomic library. Total DNA was extracted from B. thuringiensis 407 and was purified as previously described (37) . Purified DNA was partially digested with Sau3A and DNA fragments of 1 to 7 kb were purified from an agarose gel after electrophoresis using the Prep-A-Gene kit (Bio-Rad Laboratories, Richmond, Calif.). The 1-to 7-kb Sau3A fragments were then ligated with the shuttle vector pHT304 (4) digested with BamHI. An aliquot of the ligation mixture (ϳ1 g of DNA) was used to transform E. coli TG1, and the cells were plated on LB agar medium containing ampicillin (100 g/ml), isopropyl-␤-D-thiogalactopyranoside (10 g/ml), and the chromogenic substrate 5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside (X-Gal) (40 g/ml). The plates were incubated overnight at 30ЊC to minimize possible deleterious effects of gene products on the growth of E. coli transformants. About 3,000 Amp r , white and light blue colonies were toothpicked onto LB agar plates containing ampicillin and were incubated overnight at 30ЊC. Colonies were then pooled in LB liquid medium. Plasmid DNA extracted from the pooled E. coli cells constitutes the B. thuringiensis genomic library used in this study.
Plasmids and construction of the transcriptional fusions. Genomic DNA of B. thuringiensis 407 was used as a template for amplification by PCR of the 220-bp fragment upstream from the plcA gene. The primers (designated PLC1 and PLC2) were deduced from the nucleotide sequence previously published (22) . Primer PLC1 (5Ј-CCCCAAGCTTAGATCTATAAATATGAGAATAAAGAT G-3Ј) creates a HindIII site and a BglII site upstream from the promoter region and is complementary to sequences beginning 229 nucleotides 5Ј to the plcA start codon. Primer PLC2 (5Ј-GGGAATTCAGATCTCACTTTTTCTGTTTTTAC ATC-3Ј) creates a EcoRI and a BglII site downstream from the plcA promoter region and is complementary to sequences finishing 9 bp upstream from the plcA start codon. After PCR amplification, the DNA fragment was digested with HindIII and EcoRI and inserted between the HindIII and EcoRI sites of plasmid Bluescript KS Ϫ to produce plasmid pB-PLC1. The 220-bp promoter region was recovered as a HindIII-BamHI fragment from pB-PLC1 and ligated into pHT304-18Z (1), upstream from a promoterless lacZ gene preceded by the ribosome binding site of the B. subtilis spoVG gene (42) . The resulting plasmid was designated pHT304B⍀plcAЈ-ЈlacZ. The promoterless plasmid used as control for the ␤-galactosidase assays was constructed from pHT304⍀plcAЈ-ЈlacZ by deleting the 226-bp BglII fragment carrying the plcA promoter region. This plasmid (designated pHT304BZ) contains the following restriction sites upstream from the lacZ reporter gene and the spoVG ribosome binding site: 5Ј HindIII, BglII, EcoRI, PstI, BamHI, and SmaI. Restriction sites KpnI, SacI, and EcoRI are present downstream of lacZ.
pHT304B⍀plcRЈ-ЈlacZ carrying a transcriptional fusion between the promoter region of the plcR gene and the lacZ reporter gene was constructed as follows: (i) primer B1-H (5Ј-TTCCCAAGCTTTTACTTCACTTTTGTCC-3Ј), which creates a HindIII site, and primer B1-P (5Ј-TTAACTGCAGCCCATTATAA CAATCTAATTTT-3Ј), which creates a PstI site, were used to amplify by PCR a 262-bp DNA fragment mapping upstream from the plcR coding sequence, and (ii) the amplified DNA fragment was digested with HindIII and PstI and subcloned between the HindIII and PstI sites of pHT304BZ.
Construction of the recombinant B. subtilis strains. The plcAЈ-ЈlacZ transcriptional fusion and the B1 insert carrying the plcR gene were purified as HindIIISacI fragments from plasmids pHT304B⍀plcAЈ-ЈlacZ and pHT304⍀B1, respectively. These DNA fragments were inserted across the HindIII and SacI restriction sites between the amy back and the amy front regions of plasmid pAF1 (11) , and the resulting plasmids were used to transform B. subtilis 168. Their integration at the amyE locus was monitored by selecting transformants for resistance to chloramphenicol and screening for loss of amylase activity. The B. subtilis strain carrying the plcAЈ-ЈlacZ transcriptional fusion at the amyE locus was designated B. subtilis PlcAЈZ. The B. subtilis strain carrying the B1 insert at the amyE locus was designated B. subtilis PlcR.
DNA manipulation. Plasmid DNA was extracted from E. coli by a standard alkaline lysis procedure. Restriction enzymes, T4 DNA ligase, and T4 polynucleotide kinase were used as recommended by the manufacturers. The DNA restriction fragments were purified from agarose gels by using the Prep-A-Gene DNA purification matrix kit (Bio-Rad Laboratories). Oligonucleotide primers were synthesized by Genset (Paris, France). PCRs were performed by using a GeneAmp PCR System 2400 thermal cycler (Perkin-Elmer, Foster City, Calif.). PCR conditions were as follows: one incubation of 5 min at 95ЊC, followed by 25 cycles of 1 min at 55ЊC for annealing, 1 min at 72ЊC for extension, and 1 min at 92ЊC for denaturation; at the end, an extra incubation at 72ЊC for 10 min was included. Taq polymerase was purchased from U.S. Biochemical Corp. (Cleveland, Ohio); the MgCl 2 concentration in the reaction mixture was 4 mM. Nucleotide sequencing by the dideoxy-chain termination method (44) was performed by using double-stranded DNA as the template, the T7 sequencing kit from Pharmacia P-L Biochemicals Inc. (Milwaukee, Wis.), and [␣- RNA extraction and primer extension. B. thuringiensis 407 harboring the plcAЈ-ЈlacZ fusion and B. subtilis PlcR strains (harboring the plcAЈ-ЈlacZ or the plcRЈ-ЈlacZ fusion) were grown with shaking in LB at 30 and 37ЊC, respectively. RNA extraction and primer extension were performed as previously described (7). The primer extension experiments from the plcAЈ-ЈlacZ and plcRЈ-ЈlacZ transcripts (see Fig. 2 and 8) were performed by using a 30-mer oligonucleotide, OVG (5Ј-CGTAATCTTACGTCAGTAATCTTCCACAGTA-3Ј), complementary to the 5Ј end of the spoVG coding region fused to the lacZ gene. To detect the transcription start site of the plcR gene in B. thuringiensis (see Fig. 5 ), primer extension was performed by using a 29-mer oligonucleotide, B1 (5Ј-CCTCT CAACACTCTAATTTTCTTAATTTC-3Ј), complementary to the DNA sequence from nucleotide position ϩ54 to ϩ25 with respect to translational start site of plcR (see Fig. 3B ).
␤-Galactosidase assay. B. thuringiensis and B. subtilis strains containing lacZ transcriptional fusions were detected by plating on solid medium containing 40 g of X-Gal per ml and appropriate antibiotics. The cells were cultured in LB, and ␤-galactosidase assays were performed as previously described (37) . The specific activities are expressed in units of ␤-galactosidase per milligram of protein (Miller units) .
Nucleotide sequence accession number. The nucleotide sequence data reported here have been submitted to the EMBL nucleotide sequence database and assigned accession number X93361.
RESULTS
Transcriptional analysis of the plcA promoter region. The transcriptional activity of the DNA region upstream from the plcA gene was assayed by using a transcriptional fusion with the lacZ reporter gene. The control plasmid (pHT304BZ) and pHT304B⍀plcAЈ-ЈlacZ (see Materials and Methods for the construction of the plasmids) were introduced into B. thuringiensis by electroporation. The transformant strains were cultured in LB at 30ЊC, and the production of ␤-galactosidase was measured at different stages of growth between t Ϫ2 and t 6 (t n indicates the number of hours before [Ϫ] or after the start of the stationary phase). The ␤-galactosidase activity was very low in the strain harboring the control plasmid pHT304BZ (1 to 7 U/mg of protein from t Ϫ2 to t 6 [not shown]). The production of ␤-galactosidase by cells harboring pHT304B⍀plcAЈ-ЈlacZ was very low during the exponential phase of growth and increased at the onset of the stationary phase to a plateau of about 600 U/mg of protein at t 4 (Fig. 1) .
The transcriptional start site for plcA was mapped by primer extension analysis using oligonucleotide OVG as primer and RNAs extracted from B. thuringiensis cells harboring pHT304B⍀plcAЈ-ЈlacZ growing exponentially (t Ϫ2 ), at the onset of and during the stationary phase (t 0 and t 2 ) (Fig. 2) . The transcriptional start site was identified at nucleotide position Ϫ38 with reference to the start codon previously determined for the plcA genes from B. thuringiensis and B. cereus (15, 21, 22) . In agreement with the ␤-galactosidase assays, the 5Ј end of the plcAЈ-ЈlacZ transcript was detected by using RNA extracted at t 0 and t 2 and was not detectable with RNA extracted from cells growing exponentially (t Ϫ2 ). These results suggest that plcA gene expression is controlled at a transcriptional level and is activated when the B. thuringiensis cells grown in LB enter the stationary phase. Cloning of the plcA transcriptional activator. To determine whether plcA gene expression is similarly regulated in another Bacillus species, competent cells of B. subtilis 168 were transformed with pHT304B⍀plcAЈ-ЈlacZ and the ␤-galactosidase production was assayed after growth in LB. No ␤-galactosidase activity (Ͻ10 U/mg of protein) was detected in either exponentially growing cells or cells in stationary phase. This suggests that a transcriptional activator involved in plcA gene expression in B. thuringiensis is absent from B. subtilis.
B. subtilis was used as a heterologous host for cloning and identifying the putative transcriptional activator of the plcA gene. The plcAЈ-ЈlacZ fusion was integrated at the amyE locus of B. subtilis 168 to produce B. subtilis PlcAЈZ (see Materials and Methods). This strain did not express ␤-galactosidase during exponential growth or stationary phase. Competent cells of B. subtilis PlcAЈZ were then transformed with a genomic library of B. thuringiensis (see Materials and Methods for the construction of the genomic library). Transformant cells were plated on LB agar medium containing erythromycin and XGal. Among about 5000 Em r transformants, 3 clones exhibited a blue ␤-galactosidase-positive phenotype. The plasmids extracted from these transformants contained DNA fragments (designated B1 inserts) of the same size (1.7 kb) and restriction map (Fig. 3A) . These plasmids (pHT304⍀B1) transformed B. subtilis PlcAЈZ to Em r and confer on the bacteria a blue phenotype on LB-X-Gal plates containing erythromycin. However, they were unable to confer a blue phenotype on the B. subtilis wild-type strain 168, thus indicating that the 1.7-kb insert has an effect on the expression of the plcAЈ-ЈlacZ fusion but not on the resident lacZ gene of B. subtilis, which is naturally repressed in the wild-type strain 168 (9) .
Nucleotide sequence of the plcA transcriptional activator. One of the three recombinant plasmids was further analyzed, and the nucleotide sequence of the 1.7-kb B1 insert was determined for both strands (Fig. 3B). A single long open reading frame (orf1) was found among the six possible reading frames. This putative 855-bp coding sequence starts with an ATG codon preceded by a potential ribosome binding site at an appropriate distance and encodes a protein of a calculated molecular weight of 33,762. A potential transcriptional terminator appears to be 240 bp from the end of orf1. A short open reading frame (orf2), with an ATG codon preceded by a potential ribosome binding site at an appropriate distance, is located between the end of orf1 and the putative transcriptional terminator (Fig. 3) . orf2 may encode a small peptide of 48 amino acids.
Deletions were made in the B1 insert to determine whether these two putative coding sequences were involved in the plcA transcriptional activation in B. subtilis. The 765-bp EcoRI-PstI fragment and the 1,335-bp SphI fragment, in which the 5Ј and 3Ј regions of orf1 are disrupted, respectively, were inserted into the shuttle vector pHT304 and introduced into B. subtilis PlcAЈZ. These two DNA fragments did not confer the blue phenotype on the transformed B. subtilis cells (Fig. 3A) . However, the 1,587-bp PstI and the 1,427-bp BspHI fragments, which contain the entire orf1, allowed B. subtilis PlcAЈZ to produce ␤-galactosidase (Fig. 3A) . In these two constructs, the last five codons of orf2 and the entire orf2 sequence are deleted, respectively. This suggests that orf2 is not essential for activation of plcA transcription in the transformed B. subtilis PlcAЈZ cells. However, production of ␤-galactosidase seems to be significantly reduced in these strains in comparison with the B. subtilis PlcAЈZ cells transformed with the entire B1 insert (Fig. 3A) . This difference in ␤-galactosidase production (about 600 versus about 3,000 U/mg of protein) may reflect a decreased stability of the orf1 transcript resulting from the deletion of the transcriptional terminator or an accessory role of the putative orf2 product in the transcriptional activation of plcA. A disruption of the orf1 sequence was performed by deleting an internal 40-bp MunI-MunI fragment (Fig. 3A) . The plasmid carrying this deleted DNA fragment was unable to confer the blue phenotype on the B. subtilis PlcAЈZ cells, indicating that the orf2 product alone is not sufficient to activate the transcription of plcA. Thus, the 855-bp coding sequence (orf1) on the B1 insert is presumably the gene involved in the transcriptional regulation of plcA. This gene was designated plcR.
The deduced amino acid sequence of the PlcR protein was compared with those of proteins in the GenBank database by using the GCG system and the BLAST network service (2). The NH 2 -terminal region of the plcA transcriptional activator has homology with the NH 2 -terminal regions of the PreL protein (38% identity and 57% similarity) and the NprA protein (33% identity and 53% similarity) (Fig. 4) . PreL is the transcriptional activator for an extracellular neutral protease produced by a Lactobacillus sp. during the stationary phase (30) , and NprA is the positive regulatory protein for protease production in B. stearothermophilus (39) . PreL and NprA are similar throughout their sequences (30) , but similarity between PlcR and the two other transcriptional activators is limited to the amino-terminal part. The GenBank databases were screened for proteins homologous to the deduced amino acid sequence of the orf2 product. No significant similarity was found between the orf2 product and known proteins.
Transcriptional analysis of the plcR gene in B. thuringiensis. The 5Ј end of the plcR transcript was determined by primer extension analysis using oligonucleotide B1 and RNA extracted from B. thuringiensis 407 cells harboring pHT304B⍀plcAЈ-ЈlacZ grown in LB (Fig. 5) . The plcR transcriptional start site mapped at nucleotide position Ϫ47 with   FIG. 2 . Determination of the transcription start site of plcA and time course of mRNA appearance in B. thuringiensis. B. thuringiensis cells harboring pHT304B⍀plcAЈ-ЈlacZ growing in LB were harvested at the times indicated, and total RNA was extracted. RNA was subjected to primer extension analysis using oligonucleotide OVG as described in Materials and Methods. The same oligonucleotide was used to prime dideoxy sequencing reactions from plasmid pHT304B⍀plcAЈ-ЈlacZ (lanes A, C, G, and T). Asterisk, transcription start point.
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Physical map of the 1.7-kb fragment cloned in pHT304. The restriction sites used for deletion analysis are indicated to designate the 1,335-bp SphI, the 765-bp EcoRI-PstI, the 1,587-bp PstI, and the 1,427-bp BspHI fragments inserted in pHT304. Ç, internal deletion of the 40-bp MunI-MunI fragment in the B1 insert. ␤-Galactosidase activities of B. subtilis PlcAЈZ strains harboring these plasmids were assayed on LB-X-Gal agar plates. ϩ, blue colonies; Ϫ, white colonies. The ␤-galactosidase activities of the cells, measured 1 h after the onset of the stationary phase (t 1 ), are indicated. (B) Nucleotide sequence of the B1 insert and deduced amino acid sequence of PlcR and Orf2. The putative ribosome binding sites are underlined. Bent arrow, transcriptional start site of plcR (Fig. 5) ; half-barbed arrows, putative transcription terminator sequence. The nucleotides are numbered starting from the plcR start codon.
reference to the translational start codon (Fig. 3B) . plcR mRNA was detected mostly at t 0 . A very faint signal (not visible in Fig. 5 ) was also detected at t 2 on the autoradiogram, and none was detected in cells growing exponentially (t Ϫ2 ). This suggests that the plcR promoter is transiently activated around the end of exponential growth and is weakly functional during the stationary phase.
The time course of plcR promoter activity was precisely determined with a transcriptional fusion between the plcR promoter region and the lacZ gene of pHT304BZ (see Materials and Methods). The resulting plasmid (pHT304B⍀plcRЈ-ЈlacZ) was introduced into B. thuringiensis, and the kinetics of ␤-galactosidase production were determined in cells grown in LB (Fig. 6 ). ␤-Galactosidase production was similar to the background expression (1 to 3 U/mg of protein) during the exponential growth phase and significantly increased at the onset of the stationary phase, reaching a value of 25 U/mg of protein at t 1 . Thereafter, the level of plcR-directed ␤-galactosidase synthesis increased slowly to reach 45 U/mg of protein at t 6 . These results and those obtained from the primer extension experiment indicate that there is a burst of plcR transcription at the end of the exponential growth phase and transcription continues at a low rate during the stationary phase.
Transcriptional analysis of the plcA and plcR genes in B. subtilis. The 1.7-kb B1 insert containing the plcR gene was inserted at the amyE locus of B. subtilis 168 to produce B. subtilis PlcR (see Materials and Methods). This strain was used to study plcA gene expression in conditions similar to those previously used with B. thuringiensis (i.e., with the plcR gene being on the chromosome). Plasmid pHT304B⍀plcAЈ-ЈlacZ was introduced into B. subtilis PlcR, and ␤-galactosidase production by transformants grown in LB was assayed (Fig. 7A) . plcA-directed ␤-galactosidase expression was activated at the end of the exponential phase (t 1 ), and enzyme production increased continuously during the stationary phase. The kinet- FIG. 4 . Sequence alignment of the NH 2 -terminal region of PlcR, PreL, and NprA. The sequence of the first 60 amino acids of PreL is as previously described by Maeda et al. (30) . The sequence of the first 60 amino acids of NprA was deduced from the nucleotide sequence described by Nishiya and Imanaka (39) . It extends 20 residues upstream from the published amino acid sequence (39) . Gaps introduced to maintain alignment are indicated by dashes. Solid and shaded backgrounds, identities and conservative replacements, respectively. Amino acids considered similar were as follows: K and R; D and E; N and Q; G and A; F and Y; S and T; and M, I, L, and V.
FIG. 5. Determination of the transcription start site of plcR and time course of mRNA appearance in B. thuringiensis. B. thuringiensis cells harboring pHT304B⍀plcAЈ-ЈlacZ growing in LB were harvested at the times indicated, and total RNA was extracted. RNA was subjected to primer extension using oligonucleotide B1 as described in Materials and Methods. The same oligonucleotide was used to prime dideoxy sequencing reactions from plasmid pHT304⍀B1 (lanes A, C, G, and T). Asterisk, transcription start site. Because of the weakness of the signal corresponding to the 5Ј end of the plcR transcript, the autoradiograph was overexposed (1 week). The nucleotide sequence was read from a less exposed film (not shown). 
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ics of the ␤-galactosidase expression resemble those in B. thuringiensis cells harboring pHT304B⍀plcAЈ-ЈlacZ (Fig. 1) . However, the activity level was about 30-fold higher in B. subtilis than in B. thuringiensis (17,000 versus 600 U/mg of protein). Primer extension analysis was performed with RNA extracted at the onset of the stationary phase (t 0 ) from B. subtilis PlcR harboring pHT304B⍀plcAЈ-ЈlacZ (not shown). The 5Ј end of the plcAЈ-ЈlacZ transcript in B. subtilis mapped at the same transcriptional start site as in B. thuringiensis (Fig. 2) . PlcRmediated activation of plcA transcription, in terms of kinetics and start nucleotide position, in B. subtilis PlcR was similar to that in B. thuringiensis, although the magnitude was different.
To study the regulation of plcRЈ-ЈlacZ fusion expression in the presence or absence of the entire plcR gene, plasmid pHT304B⍀plcRЈ-ЈlacZ was introduced into the wild-type strain 168 and B. subtilis PlcR. Transformant cells were cultured in LB, and ␤-galactosidase activity was measured during the growth phase. There was no ␤-galactosidase production by the B. subtilis wild-type strain carrying the plcRЈ-ЈlacZ transcriptional fusion (not shown). In contrast, lacZ gene expression was sharply activated from t Ϫ1 to a plateau at t 1 (1,500 U/mg of protein) in B. subtilis PlcR (Fig. 7B ). This suggests that the PlcR activator has a positive effect on its own transcription. This effect is growth phase dependent since it appears that activation started at the end of the exponential phase (between t Ϫ1 and t 0 ) and stopped at about t 1 . Therefore, activation of plcR transcription was transient and about 30-fold higher in B. subtilis than in B. thuringiensis (compare Fig. 6 and 7B) . This difference of plcR-directed lacZ expression between the two Bacillus species agrees with the difference of plcA-directed lacZ expression described above (compare Fig. 1 and 7A) .
Primer extension was performed with RNA extracted at the onset of the stationary phase (t 0 ) from B. subtilis PlcR harboring pHT304B⍀plcRЈ-ЈlacZ (not shown). The 5Ј end of the plcRЈ-ЈlacZ transcript in B. subtilis was identical to the 5Ј end of the plcR transcript in B. thuringiensis. Thus, it is likely that plcR transcriptional activation and plcA transcriptional activation occur similarly in the two Bacillus species. However, the higher level of plcR-or plcA-directed ␤-galactosidase production in B. subtilis suggests that specific B. thuringiensis functions that negatively control plcR expression and consequently plcA expression are lacking in B. subtilis.
Analysis of the plcR and plcA promoter regions. Analysis of the plcA and plcR promoter regions, as deduced from the primer extension experiments (Fig. 2 and 5) , indicates that the putative Ϫ10 regions of both genes (TATTAT and TATTGT, respectively) are similar to the Pribnow box (TATAAT) of vegetative promoters recognized by the A RNA polymerase in B. subtilis. However, the putative Ϫ35 regions of both genes differ from the canonical TTGACA sequence of most A RNA polymerase-dependent promoters of B. subtilis (36) . There is no significant similarity between the promoter regions of plcA and plcR genes and the promoter sequences recognized by minor or sporulation-specific sigma factors in B. subtilis (36) .
Alignment of the plcA and plcR promoter regions revealed a highly conserved DNA sequence (Fig. 8) . The 3Ј end of this 17-bp DNA sequence (5Ј TATGCA[T/A]TATTTCATAT 3Ј) maps 34 nucleotides upstream from the plcR transcriptional start site and 49 nucleotides upstream from the plcA transcriptional start site.
DISCUSSION
We show that transcription of the B. thuringiensis plcA gene in B. subtilis requires the presence of a trans activator. The B. thuringiensis gene (plcR) encoding this transcriptional activator was cloned by using a B. subtilis strain carrying a chromosomal plcAЈ-ЈlacZ fusion as heterologous host system for selection. Transcriptional analysis of the plcA and plcR genes revealed that the transcriptional start sites of the two genes were identical in B. thuringiensis and in a B. subtilis strain carrying an entire copy of plcR integrated into its chromosome. Moreover, temporal regulation of plcA and plcR transcription was similar in the two bacteria: transcription started at the onset of the stationary phase, thus showing considerable growth phase dependency. The PlcR activator, therefore, acts similarly in the two bacteria and is presumably required for plcA expression in B. thuringiensis as in B. subtilis. Since the promoter regions of the plcA genes isolated from B. cereus and B. thuringiensis are identical (15, 21, 22) , it is likely that PlcR also controls expression of plcA in B. cereus.
A short open reading frame (orf2 in Fig. 3 ) is found downstream of plcR, and the two genes might constitute an operon. Deletion analysis of the DNA fragment carrying these two genes indicates that orf2 is not essential to activate plcA transcription. However, it cannot be excluded that the orf2 product participates in the regulation of plcA expression. In B. subtilis, small peptides (SenS, DegR, DegQ, etc.) positively regulate the production of degradative enzymes at the end of the exponential growth phase (46) . The mechanism of action of these small peptides is not known, and their physiological role is unclear, since they cause discernible phenotypes only when they are overproduced.
PlcR appears to be distantly related to the PreL and NprA regulator proteins which enhance transcription of neutral protease genes during the stationary phase in a Lactobacillus sp. and B. stearothermophilus, respectively (30, 39) . The similarity of PlcR with these two transcriptional activators is limited to the amino-terminal region (first 60 residues), suggesting that PlcR, PreL, and NprA are modular proteins that evolved from an ancestral protein by recruiting its amino-terminal domain. The role of this conserved domain in the activity of the three stationary phase-specific regulators remains to be determined.
PlcR regulates its own expression. Indeed, expression of a plcRЈ-ЈlacZ fusion in B. subtilis required the presence in trans of an entire copy of plcR. The transcription of the plcR gene was sharply and transiently activated in B. thuringiensis and B. subtilis from the end of the exponential growth phase (t Ϫ0.5 ) to about 1 h after the onset of the stationary phase. Since plcA transcription was also activated at the end of the exponential growth phase, a small amount of PlcR allows rapid and full transcriptional activation of the plcA gene. In contrast to the transient activation of plcR expression (particularly in B. subtilis), plcA transcription continued to t 4 . This prolonged activation of plcA transcription suggests that the quantity of the PlcR activator produced in the stationary phase cell after t 1 is sufficient for full activation of plcA transcription at least until t 4 . The burst of plcR expression at the end of exponential growth implies that, in addition to its autoregulation, one or several host factors (present in both B. thuringiensis and B. subtilis) control its appearance at t Ϫ0.5 and reduction of its production after t 1 . It is likely that plcR expression depends on the complex network of regulatory proteins (transition state regulators and spo0 gene products) that control late-growth development of Bacillus species (16, 46, 47) . The putative Ϫ10 regions of the plcA and plcR genes resemble that of promoters recognized by A , the primary sigma factor in growing B. subtilis cells. However, the Ϫ35 box, characteristic of the A RNA polymerase-dependent promoters, was not found in the plcA or plcR promoter regions. A similar 17-bp DNA sequence is present a few base pairs upstream from the expected position of plcA and plcR Ϫ35 boxes. Since PlcR positively regulates plcA transcription and its own transcription, this conserved DNA sequence may be the specific recognition target for PlcR activation. The putative binding of PlcR upstream from the Ϫ10 region of the promoters may compensate for the absence of a consensus Ϫ35 box, as was demonstrated for other positively regulated systems (43) . However, PlcR does not have significant similarity with known DNA-binding domains of transcription factors (40) . Thus, biochemical evidence is necessary to determine whether PlcR activates transcription directly through its binding to a specific target sequence or indirectly via interaction with a DNA-binding protein common to B. thuringiensis and B. subtilis.
We propose the following activation pathway for the plcA/ plcR system: (i) PlcR expression is repressed (or not activated) during the exponential growth phase; (ii) at the end of exponential growth, repression is relieved (or there is activation), leading to a low level of PlcR expression; (iii) the small amount of PlcR in the cell allows the A -associated RNA polymerase to transcribe efficiently the plcR and plcA genes; and (iv) 1 h after the onset of the stationary phase, activation of plcR transcription decreases (possibly as a result of being partially repressed or less efficiently activated by host factors), whereas full activation of plcA transcription continues up to t 4 .
There was a remarkable difference between plcA-and plcRdirected ␤-galactosidase expression in B. thuringiensis and that in B. subtilis: ␤-galactosidase production was about 30-fold higher in B. subtilis than in B. thuringiensis (compare Fig. 1 with 7A and Fig. 6 with 7B, respectively). Since the reconstructed regulatory system in B. subtilis is similar to that in B. thuringiensis (plcR gene on the chromosome and lacZ transcriptional fusions cloned into the low-copy-number plasmid pHT304B), the difference suggests that other factors negatively modulate PlcR production or activity in B. thuringiensis. Reconstruction of regulation in B. subtilis may again be useful to identify these regulatory factors.
Expression of bacterial virulence is frequently controlled by a pleiotropic factor which acts in trans to regulate transcription positively (34) . In L. monocytogenes and S. aureus, global regulators (PrfA and Agr, respectively) activate expression of several genes (including plcA genes) encoding extracellular virulence factors (6, 24, 33, 41) . Zhang et al. (50) have characterized an avirulent pleiotropic mutant of B. thuringiensis in which production of PI-PLC, phosphatidylcholine-specific PLC, ␤-lactamase, and flagellin is reduced, suggesting that these factors may be coregulated. As PlcR may activate transcription of various genes involved in B. thuringiensis virulence, we searched for the presence of the 17-bp conserved sequence upstream from the B. thuringiensis or B. cereus genes encoding immune inhibitor A (28), phosphatidylcholine-specific PLC (18), ␤-lactamase (49), and flagellin (29) . No similar sequence was found. Thus, assuming that the 17-bp sequence is the transcriptional activation target of plcR and plcA, this suggests that PlcR does not regulate expression of these other genes. Consequently, another regulatory system might be responsible for the coregulation of these potential virulence genes in B. thuringiensis.
Whether PlcR and PI-PLC have a role in the virulence of B.
thuringiensis and B. cereus in insects has yet to be demonstrated. However, production of these proteins at the onset of the stationary phase probably has physiological significance, as is the case for the production by Bacillus spp. of extracellular degradative enzymes in response to various nutrient stresses. The triggering of PlcR expression and, consequently, the production of PI-PLC might allow the bacteria to damage and invade host tissues and thereby gain access to novel sources of nutrients.
